Numerous soluble proteins convert to insoluble amyloid-like fibrils that have common properties. Amyloid fibrils are associated with fatal diseases such as Alzheimer's, and amyloid-like fibrils can be formed in vitro. For the yeast protein Sup35, conversion to amyloid-like fibrils is associated with a transmissible infection akin to that caused by mammalian prions. A seven-residue peptide segment from Sup35 forms amyloid-like fibrils and closely related microcrystals, from which we have determined the atomic structure of the cross-b spine. It is a double b-sheet, with each sheet formed from parallel segments stacked in register. Side chains protruding from the two sheets form a dry, tightly self-complementing steric zipper, bonding the sheets. Within each sheet, every segment is bound to its two neighbouring segments through stacks of both backbone and side-chain hydrogen bonds. The structure illuminates the stability of amyloid fibrils, their self-seeding characteristic and their tendency to form polymorphic structures.
Four decades of research have established that amyloid-like fibrils of different proteins have a common structural 'cross-b' spine 1 . In 1959, elongated, unbranched fibrils were observed in electron micrographs of diseased tissues 2 , and in 1968 came the discovery that fibrils exhibit an X-ray diffraction signature known as the cross-b pattern 3 . This pattern shows 4 that the strongest repeating feature of the fibril is a set of b-sheets that are parallel to the fibril axis, with their strands perpendicular to this axis. The hypothesis of a common molecular organization was supported by the finding 5 that amyloid fibrils from six different proteins, each associated with its own clinical syndrome, showed similar cross-b diffraction patterns. The degree of similarity pointed to a common core molecular structure.
Revealing the atomic details of this cross-b spine has been impeded by the limited order of fibrils isolated from diseased tissues, infected cells and in vitro conversions of proteins to fibrils. There is also evidence for a diversity of crystalline and fibril structures [6] [7] [8] . Nevertheless, an array of biophysical tools has defined important features. These tools include solid-state NMR [9] [10] [11] , model-building constrained by X-ray fibre and powder diffraction 6, 7, 12, 13 , site-directed spin labelling 14, 15 , cryo-electron microscopy 16, 17 , and proline-scanning mutagenesis 18 . Despite numerous models suggested by these studies, until now no refined, fully objective atomic model has been available for the common spine structure.
We selected the yeast protein Sup35 for X-ray diffraction analysis because extensive studies have shown that its fibril formation is the basis of protein-based inheritance and prion-like infectivity [19] [20] [21] [22] [23] . Its fibril-forming tendency had been traced to the amino terminus of the prion-determining domain 24, 25 , and from this region we isolated a seven-residue, fibril-forming segment with sequence GNNQQNY 6 . This peptide dissolves in water, and at a concentration of approximately 400 mM, forms amyloid-like fibrils in a few hours. These fibrils display all of the common characteristics of amyloid fibrils, including: elongated, unbranched morphology; the cross-b diffraction pattern; binding of the flat dyes Congo red and thioflavin T; the characteristic green-yellow birefringence of Congo red; lag-dependent cooperative kinetics of formation with self-seeding 26 ; and unusual stability.
GNNQQNY and the related peptide NNQQNY form elongated microcrystals at higher concentrations (about 10-100 mM), enabling X-ray diffraction studies. The microcrystals are similar to the fibrils in that the peptide segments are perpendicular to the long dimension of both aggregates and that fibrils and microcrystals have similar diffraction patterns ( Supplementary Fig. 2 ). In hundreds of crystallization experiments, microcrystals never grew to more than a few micrometres in length, with much narrower cross-sections.
Architecture of the GNNQQNY cross-b spine Three features of the microcrystals made it possible to determine structures for GNNQQNY and NNQQNY. First, the largest microcrystals ( Fig. 1) are of sufficient size, order and stability to yield adequate diffraction data on microfocus beamline ID13 at the European Synchrotron Radiation Facility (ESRF). Second, microcrystals of NNQQNY grow only in the presence of Zn 2þ or Cd 2þ . Anomalous scattering from a crystal of Zn-NNQQNY yielded phases for the structure of Zn-NNQQNY. Third, the structure of GNNQQNY is nearly isomorphous with that of NNQQNY, allowing structure determination from a difference map. Details of data collection and structure determination are listed in Table 1 . The NNQQNY structure is described in Supplementary Information. Here we focus on the structure of GNNQQNY.
GNNQQNY molecules are extended in conformation and are hydrogen-bonded to each other in standard Pauling-Corey parallel b-sheets (Supplementary Table 1 ). Because the strands are perpendicular to the long axis of the microcrystals, hydrogen-bonded addition of GNNQQNY molecules to the growing b-sheet accounts for the elongated shape of the crystals as well as the fibrils. As previously suggested from X-ray powder diffraction of the microcrystals 6, 7 , the GNNQQNY b-strands within each sheet are parallel and exactly in register (Fig. 2a) . A parallel, in register arrangement is also seen for Ab molecules in their fibrils 9, 10 . Each pair of sheets is related by a 2 1 screw axis: the strands in one sheet are antiparallel to those in the mating sheet, and each sheet is shifted along the screw axis relative to its mate by one-half the strand-strand separation of 4.87 Å . Thus, side chains extending from a strand in one sheet nestle between side chains extending from two strands of the mating sheet (Fig. 2b ). There are two distinctly different interfaces between sheets, which we term the dry and wet interfaces (Fig. 2c) . The wet interface is lined with water molecules that completely separate GNNQQNY molecules, other than a contact between Tyr 7 residues in neighbouring sheets. The separation of these sheets is large, about 15 Å . In contrast, the dry interface contains no water, other than two molecules that hydrate the carboxylate ions at the ends of the peptide segments. These sheets are closer together, separated by 8.5 Å . Whereas each polar side chain of the wet interface is hydrated by water molecules, the polar side chains of the dry interface (Asn 2, Gln 4, and Asn 6) are tightly interdigitated with the same three side chains of the mating sheet (Fig. 2d) . These opposing side chains do not form hydrogen bonds with each other; rather, their shapes complement each other closely, forming van der Waals interactions. Viewed down the sheets (Fig. 2d ) the interdigitating side chains look like the teeth of a zipper, so we call this interaction a 'steric zipper'. The dry interface is a stack of these steric zippers (Fig. 2b) .
The shape complementarity of the dry interface is unusually tight when compared to other protein interfaces, as quantified by the S C parameter 27 . S C measures the shape complementarity of two atomic surfaces by comparing the directions of unit vectors normal to the two surfaces, emanating from nearest points on the opposed surfaces. The remarkable complementarity between sheets in the dry interface suggests that the stable structural unit of the cross-b spine is a pair of b-sheets. The wet interface, with only a single peptide-peptide contact, has the features of a crystal contact and may not exist in the fibril structure. A pair-of-sheets organization for the cross-b spine is consistent with several other observations. First, a spine of two sheets is self-limiting in lateral growth, because the same face of both sheets is opposed, exposing a different outward face-in this structure, the wet face. A spine of three or four such stacked sheets would expose a face identical to one of its interior bonding faces, leading to further lateral growth. Second, models of cross-b spines containing three or more sheets sustain distortions in backbone hydrogen bonding that increase as the sheets stack farther from the fibril axis. Third, the width of the diffuse equatorial X-ray reflection at approximately 9-11 Å resolution in fibrils of b2-microglobulin corresponds better with a model containing two sheets than a model containing a single sheet or three sheets 28 . Finally, a pair-of-sheets structure is consistent with studies by cryo-electron microscopy of the amyloid-like protofibrils of SH3 and insulin 16, 29 . In short, the crystal structures of GNNQQNYand NNQQNY suggest that a tight, dry steric fit between a pair of sheets is likely to be a fundamental feature of amyloid-like fibrils. However, it is not yet clear how to reconcile a pair-of-sheets feature with evidence from mass-per-unit-length measurements on Ab fibrils 10 and from electron microscopy measurements of GNNQQNY protofibrils 7 , which are consistent with four sheets. Another fundamental feature of the cross-b spine shown in Fig. 2 is that it is built from a short peptide. The self-complementary steric zipper explains how short segments of proteins are able to form amyloid-like fibrils and raises the question of whether the rest of the protein participates in the spine.
Amide stacks in the cross-b spine Although there are no hydrogen bonds bridging two tightly complementing sheets across the dry interface, each GNNQQNY molecule forms 11 hydrogen bonds to its two neighbouring molecules in the same sheet (Fig. 2e) . Five of these are backbone C¼OzH-N hydrogen bonds, and four are 'amide stacks'; that is, amide-amide hydrogen bonds between pairs of identical Asn or Gln residues in adjacent molecules within a sheet. It is these hydrogen-bonded amide stacks that force the GNNQQNY and NNQQNY molecules to stack parallel and in register in their respective sheets. This network of backbone and side-chain hydrogen bonds is reminiscent of the polar zipper proposed previously 30 . Amide stacks such as those found here could stabilize the polyglutamine aggregates formed in the CAG expansion diseases and those formed in vitro with polyglutaminecontaining peptides. The remaining hydrogen bonds between Figure 1 | The NNQQNY microcrystal used for X-ray diffraction data collection, held to the tip of a glass capillary by cryoprotectant (50% ethylene glycol/water). Scale bar, 10 mm. X-rays were focused on the encircled areas. Separate data sets were collected for each and were merged to provide the final data set. The inset shows a scanning electron micrograph of NNQQNY crystals, suggesting that the 'large' microcrystals used for data collection are composed of several aligned, nanometre-sized blocks. Scale bar of inset, 1 mm. GNNQQNY molecules in the sheet are from the side-chain nitrogen of Gln 5 to the hydroxyl of Tyr 7 and from the Asn 2 backbone nitrogen to the Asn 2 side-chain oxygen. Also, the rings of Tyr 7 are stacked, but not face-to-face: they pack edge-to-face across the wet interface.
Similarity to other structures
The structure of the GNNQQNY cross-b spine shows limited similarity to b-helices proposed as models for amyloid and prion spines 17, [31] [32] [33] [34] . A search for structurally related b-sandwiches in the Protein Data Bank (PDB) yielded only one significant match to the backbone of GNNQQNY: SufD (PDB entry 1vh4). The search model, which contains six strands of GNNQQNY, three from each sheet forming the dry interface, can be superimposed on the SufD backbone with a root mean square (r.m.s.) deviation of 1.8 Å . The fold of SufD, a member of the b-helix family, resembles GNNQQNY more closely than do canonical right-handed b-helices because it has two sheets rather than three, and its sheets abut rather than having a cylindrical or triangular cross-section. SufD's similarity to GNNQQNY is limited, however, by its lack of a steric zipper; side chains from opposing sheets contact but do not interdigitate. As a result, the distance between sheets in SufD is nearly 2 Å greater. Hence, the complementarity between the two sheets composing SufD (S C ¼ 0.70) is significantly lower than in GNNQQNY. In short, the GNNQQNY structure shows only weak similarity to b-helices in general, and differs considerably from the cylindrical and triangular b-helices that have been proposed as models for amyloid-like spines.
Structure-based energetics
The structure of GNNQQNY suggests factors that determine the rate and stability of fibril formation as well as a factor that may underlie amyloid fibril polymorphism and prion strains 8, 22, 23 . The structure indicates three levels of organization within the fibrils. The first is the alignment of GNNQQNY molecules to form a b-sheet. The second is the self-complementation of two sheets, forming the pair-of-sheets structure, with a dry interface. Because the self-complementation of two sheets involves van der Waals forces rather than hydrogen bonding, the patterns of bonding are less specific than those of the first level. Alternative interdigitations could give rise to fibril polymorphism and prion strains. In the third level, pair-of-sheets structures interact to form a fibril. For the third level, we note only that the non-covalent forces involved are probably weaker than those driving the formation of the first two levels.
For the alignment of GNNQQNY molecules to form a b-sheet, each GNNQQNY molecule must be extended. Because b-sheets form rapidly 35, 36 and reversibly, we assume that this level forms more rapidly than the second level. The second level is likely to form more slowly because the amide side chains must acquire the proper rotamers to permit interdigitation with the mating sheet and must be dehydrated to permit formation of the dry amide-stacking hydrogen bonds. We suggest that the decrease in entropy accompanying this step creates the barrier to fibril formation, which is evident in its lag-dependent cooperative formation. Once a nucleus of the cross-b spine has formed, additional molecules can be added more readily, leading to rapid growth. In the Supplementary Information we use the structure to argue that the nucleus for GNNQQNY fibril formation is about four molecules, and that the transition-state complex on the path to the nucleus is approximately three molecules. From energetic considerations we estimate a crude value for the free energy of forming this complex of ,8 kcal mol 21 of GNNQQNY at room temperature. If there are three molecules in the transition-state complex, the barrier is ,24 kcal mol 21 , a substantial barrier to fibril formation.
In the formation of the transition-state complex and of the protofibril itself, there must be enthalpy decreases that compensate for the entropy decreases. Some enthalpy will be released by the van der Waals energy of the tight interdigitation in the steric zipper. The formation of hydrogen bonds between backbone groups and amide stacks will also contribute, but these bonds replace hydrogen bonds between water and the peptide in solution, so there is little net increase in the number of hydrogen bonds 37 . Conceivably, hydrogen bonds in the pair-of-sheets structure are stronger than those in solution. They are in an anhydrous, low dielectric constant environment, and the columns of hydrogen bonds in the amide stacks run antiparallel to neighbouring columns (Fig. 2e) , so there could be substantial strengthening of hydrogen bonds through induced dipoles, as is the case in ice 38 . Although our estimates are crude, the standard free energy change for protofibril formation, DG 0 , the sum of the enthalpic (DH 0 ) and entropic terms (DS 0 ), is unlikely to be strongly negative.
Amyloid-like fibrils are stabilized by protein concentration as well as by formation of the steric zipper and the hydrogen bond stacks. For conversion of n peptide monomers, M, to an amyloid spine, M n , with infinite cooperativity, nM ! M n , the free energy of transition from the dissolved to the aggregated state is given by
in which DG 0 is the standard free energy, RT is the product of the gas constant with the absolute temperature, and the term on the right is governed by the concentration of monomer. At high concentrations of monomer, this term is strongly negative, favouring transition to the fibrillar state. Thus, our structure suggests that there is a large entropic barrier to amyloid fibril formation, but once a nucleus is present, high concentrations of protein drive the formation and contribute to an even larger barrier to dissolution of the fibrils (Fig. 3 ).
Summary and biological implications
The structures of GNNQQNY and NNQQNY determined here by X-ray microcrystallography confirm gross features of the cross-b spine that have been known from other methods: the spine is built from b-strands that are spaced approximately 4.8 Å apart, perpendicular to the fibril axis, formed into b-sheets with hydrogen bonds parallel to the axis, and exactly in register 6, 9, 10 . What is new is the pairof-sheets organization, with the interface between the paired sheets Figure 3 | A conjectural plot of the free energy, G, for conversion of monomeric GNNQQNY, M, to the aggregated state, M n . The standard free energy change DG 0 for the conversion is small, so that the change in DG is controlled mainly by the concentration of monomer. At low concentrations, the monomeric state is favoured over the aggregated state, and the aggregated state is favoured at high concentrations. There is a significant kinetic barrier to formation of the aggregated state, DG ‡ formation . At high concentrations of protein, the barrier to re-dissolve fibres, DG ‡ dissolution , is very large.
consisting of the closely enmeshed self-complementing side chains protruding from the two sheets, termed a steric zipper. This interface is dry, in contrast to the highly hydrated external faces of the paired sheets. Disruption or capping of this steric zipper may be a strategy for drug interference of amyloid formation 39 . The steric zipper in the structures of GNNQQNY and NNQQNY explains how a fibril can be formed from a short segment of a protein.
In fact, fibrils formed from short peptides are well known 6, 40, 41 . We suggest that such short segments are capable of self-complementation across a dry inter-sheet steric zipper, as are the Asn-X-Gln-X-Asn sequences studied here. Similarly, we expect that short segments of low complexity sequences can form steric zippers. The observation that polyamino acids form amyloid-like fibrils 42 is consistent with the importance of side-chain interactions in steric zippers, notably size and shape complementarity.
The self-complementing GNNQQNY sequence is a segment of the yeast prion Sup35, a protein known to convert copies of itself to an amyloid fibril-like state. This fibrillar state has been shown to be at the basis of the transition to the [PSI þ ] prion state of Sup35 (refs 20, 21, 24, 25) . Presumably, self-complementation by a steric zipper is a preliminary step in the process of molecular selfrecognition that leads to conversion. Because the steric zipper involves nonspecific van der Waals forces, a given sequence may form more than one self-complementing steric zipper, possibly leading to amyloid fibril polymorphism and prion strains.
Regulation of protein concentration within cells and tissues takes on significance in preventing fibril formation in light of the structure-based arguments presented here that the standard free energy of fibril formation is not strongly negative. If, in fact, the dissolved and fibrillar forms of proteins are nearly iso-energetic in the biological milieu of an organism, there are two factors that influence the formation of amyloid-like fibrils. The first is the concentration of a protein in a given tissue. Breakdown in the cellular machinery that regulates protein synthesis or protein degradation could raise the concentration of protein monomers to the point of favouring an aggregated state. If the protein in question contains selfcomplementing segments of sequence, the aggregate could be the amyloid-like state. Chaperones that isolate proteins as they fold would be of critical importance when those sequences contain self-complementing segments. The second factor is the energetic barrier on the reaction pathway. The GNNQQNY structure suggests that several self-complementary segments must be properly arranged to act as a nucleus for fibril growth, presenting a significant barrier to fibril formation. However, once fibrils form at high protein concentration, the barrier to the reverse reaction-dissolution of the fibril-is even higher, rendering fibril formation difficult to reverse.
METHODS
Peptide crystallization. Lyophilized, synthetic GNNQQNY (AnaSpec) and NNQQNY (AnaSpec) peptides dissolve easily in water and aqueous solutions. Because of residual trifluoroacetic acid in the lyophilized peptide, dissolving the material in water results in a low pH solution; this low pH solution was used for crystallization.
GNNQQNY crystals were grown from a solution of 10 mg ml 21 peptide in water (pH , 2.0) at about 20 8C. An orthorhombic crystal polymorph was previously grown 6, 7 from this condition. In later preparations, seed crystals from previous batches were used to promote faster and more reliable crystallization.
NNQQNY crystals were grown using the hanging-drop vapour diffusion method by mixing a 5:4:1 ratio of peptide solution, reservoir solution and additive solution, respectively. The peptide solution contained 30 mg ml 21 NNQQNY in water. The reservoir solution contained 100 mM HEPES (pH 7.5) and 1 M sodium acetate. The additive solution contained 0.1 M zinc sulphate. The final pH of the drop was about 7.5, and crystals were grown at approximately 20 8C. GNNQQNY and NNQQNY crystals were transferred to a cryoprotectant (either 50% ethylene glycol/water or 50% glycerol/water) before data collection. X-ray data collection and processing. X-ray diffraction data sets were collected from the GNNQQNYand NNQQNY crystals at ESRF beamline ID13, equipped with a MAR CCD detector 43 . Data were collected in 58 wedges at a wavelength of 0.975 Å using a 5-mm beam size. The crystals were cryo-cooled (100 K) for data collection. Owing to the extremely small focal size of the X-ray beam, the effect of localized radiation damage could be minimized by illuminating three different portions of the NNQQNY crystal during data collection (Fig. 1) . All data were processed and reduced using Denzo/Scalepack from the HKL suite of programs 44 . Structure determination and refinement. An initial set of phases for the NNQQNY structure could be derived by the method of single wavelength anomalous dispersion (SAD) using the anomalous scattering signal from a well-ordered zinc ion. The location of the zinc ion was readily deduced from the presence of a 5-j peak in an anomalous difference Patterson map (Supplementary Fig. 1 ). SAD phases were calculated with the program MLPHARE 45 . Density modification with the program DM 45 significantly improved the interpretability of the electron density map, despite an extremely low solvent content (18%). A six-residue-long b-strand could be immediately recognized and modelled in the electron density with no ambiguity in orientation or position. Side-chain torsion angles were adjusted using the graphics program O 46 . Coordinates were refined with the program REFMAC 47 . Refinement statistics are reported in Table 1 . The geometric quality of the model was assessed with the programs PROCHECK 48 and WHATIF 49 . All residues were found in the most favoured region of the Ramachandran plot. The GNNQQNY structure could be refined by difference Fourier methods because its unit cell was nearly isomorphous with that of the NNQQNY crystal. Protein structures were illustrated using the program PyMOL 50 .
